A ccumulating data suggest that the gut immune system plays a role in the development of type 1 diabetes (1), an autoimmune disease that results from the destruction of insulin-secreting pancreatic islet ␤-cells by autoreactive T-cells (2) . In experimental studies, several indications of the involvement of gut immune system in the development of autoimmune diabetes have been established. First, diet modifies the development of autoimmune diabetes in BB rats and NOD mice (3) (4) (5) . Second, the islet infiltrating T-cells express gut-associated homing receptor ␤7-integrin, and antibodies that block this receptor or its endothelial ligand mucosal addressin cell adhesion molecule-1 inhibit the development of autoimmune diabetes in NOD mice (6 -8) . Third, mesenterial lymphocytes from a young NOD mouse transfer autoimmune diabetes to the recipients, indicating that diabetogenic T-cells are present in the gut-associated immune system (9) . Finally, feeding autoantigen may induce the development of autoreactive cytotoxic lymphocytes and acceleration of autoimmune diabetes (10, 11) .
In humans, a link between the gut immune system and type 1 diabetes has also been suggested: enhanced immune responses to several cow milk proteins have been reported in serologic studies on patients with newly diagnosed type 1 diabetes (12) (13) (14) . We have also shown that GAD-specific T-cells in patients with type 1 diabetes express gut-associated homing receptor ␣4␤7-integrin (15) . Accordingly, T-cells derived from human diabetic pancreas have been demonstrated to show mucosal homing properties (16) .
Furthermore, the association between type 1 diabetes and celiac disease (CD) has been recognized for some years (17, 18) , the prevalence of CD among children and adults with type 1 diabetes being as high as 2-8% (19 -24) . Both diseases are associated with the HLA class II alleles DQB1*0201 and DQA1*0501 (HLA-DQ2) (25) , which may partly explain the association of diseases, but recently it has been proposed that long-term exposure to gluten could induce type 1 diabetes (26) . In a previous study, we found markers of immune activation even in structurally normal small intestine of patients with type 1 diabetes (27) . The expression of HLA class II antigens in the villous epithelium and the density of ␣4␤7-expressing cells in the lamina propria were increased in patients when compared with control subjects. However, it is not clear how an inflammation in the gut is linked to the process that destroys islet ␤-cells, and to date very few studies have been performed in the small intestine of patients with type 1 diabetes.
Our aim was to characterize the immune activation in jejunal biopsy specimens from pediatric patients with type 1 diabetes. We investigated the protein expression of interleukin-1␣ (IL-1␣), IL-2, IL-4, ␥-interferon (IFN-␥), and tumor necrosis factor-␣ (TNF-␣) in jejunal biopsies from 21 pediatric patients with type 1 diabetes. We also investigated the lymphocytes, measuring their activation as well as the expression of HLA class II antigens on the epithelium. Furthermore, in the same samples, we analyzed the mRNA expression of IL-4 and IFN-␥ by in situ hybridization. The specific amounts of IL-2, IL-4, IFN-␥, TNF-␣, chemokine receptor-4 (CCR-4), and CCR-5 mRNA were evaluated by RT-PCR from the same mucosal samples and from 12 additional children with type 1 diabetes.
RESEARCH DESIGN AND METHODS
Patients. Because of positive finding in the annual CD screening test, including the less specific positive gliadin antibodies, or because of gastrointestinal symptoms, 32 small intestinal biopsy specimens were obtained from 31 pediatric patients with type 1 diabetes. These patients were divided into three groups: patients with type 1 diabetes and normal villous structure and without markers of CD; patients with type 1 diabetes and normal villous structure and positive endomysium (EMA) or tissue transglutaminase (tTGA) IgA antibodies, designed as potential CD; and patients with type 1 diabetes and untreated CD. We considered an EMA titer of 1:50 or higher as positive, because a titer of 1:5-1:50 is the range for weak positivity (29) . Partial or subtotal villous atrophy with crypt hyperplasia was defined as CD (villous crypt ratio Ͻ2).
Of the 32 type 1 diabetes jejunal specimens, 16 showed normal mucosal morphology with negative circulating CD autoantibodies (eight girls; mean age 10.6 years; range 2.9 -18.2). Fourteen patients were negative for both EMA and tTGA antibodies, 2 of which were negative and 12 were positive for gliadin IgA or IgG antibodies. None of these 14 patients had had positive EMA or tTGA antibody titers before the biopsy or during follow-up after the biopsy. Two patients showed EMA titers of Ͼ1:5Ͻ1:50 at time of biopsy (Table 1 , patients 5 and 6). Both of these patients had negative tTGA antibodies, a normal jejunal villous architecture, and normal values of intraepithelial lymphocyte counts, and the EMA and tTGA titers have remained negative for 2 years after the biopsy. Mean age at onset of type 1 diabetes was 4.1, and mean duration of type 1 diabetes at time of biopsy was 6.1 years in this group. Eight patients had a diagnosis of CD (five girls; mean age 9.1 years; range 3.9 -15.8). Mean age at onset of type 1 diabetes was 5.8, and mean duration of type 1 diabetes at time of biopsy was 3.3 years in patients with CD. Eight patients had signs of potential CD (three girls; mean age 9.4; range 6.0 -13.2); the mean age at onset of type 1 diabetes was 7.6, and mean duration of type 1 diabetes at time of biopsy was 1.8 years in this group. At the time of the biopsy, all of the patients were on a normal gluten-containing diet. From one CD patient (Table 1 , patient 31), two biopsies were available. In the first one, villous structure was normal but with positive EMA and tTGA IgA antibodies; this specimen was included in the potential CD study group ( Table 1 . Jejunal biopsies on 12 age-matched control pediatric patients (mean age 7.1 years; range 1.6 -13.7) were performed because of growth retardation, gastrointestinal symptoms, positive antigliadin antibodies, or any combination of these. The healthy control subjects had no history of CD or dermatitis herpetiformis in the family, they were not on medication, and they did not have any chronic diseases. The morphology of the jejunum was normal, and the EMA and tTGA antibodies were negative in all control children. Clinical data are summarized in Table 2 . Samples. A Watson biopsy device was used to take a specimen from the proximal jejunum or a gastroscope from the distal duodenum. The specimens were divided for routine histology and immunohistochemical studies as previously described (30) . Frozen tissue samples were cut into 8-m sections, coded, and evaluated without knowledge of the specimen. The part of the mucosal specimen still left was used for RT-PCR. Some of the patients were enrolled later in the study and were included only in the RT-PCR study (Table  1) . HLA genotyping. HLA genotyping was performed in 11 patients from peripheral venous blood sample and in 19 patients from jejunal paraffin blocks. HLA-DQB1, HLA-DQA1, and HLA-DRB1 analysis was performed by a technique developed for screening type 1 diabetes susceptibility on the basis of the presence of alleles associated with a risk for or with protection against type 1 diabetes. This two-step screening technique is based on the hybridization of relevant PCR products with lanthanide-labeled probes detected by time-resolved fluorometry (31) . Immunohistochemistry. The avidin-biotin immunoperoxidase system was used on cryostat sections as previously described (32) . For immunostaining of cytokines before incubation with monoclonal antibodies (mAbs), permeabilization was performed by incubation of the slides in 0.1% PBS-Tween 20 for 10 min at room temperature and diluted in 1% normal horse sera in 0.1% PBS-Tween20 for 1 h at 37°C.
The mAbs were used at the following dilutions: CD3 . Nonimmune mouse IgG1 (DAKO) was used as negative primary antibody control and incubation with 1% normal horse sera on additional sections as negative control for reagents in the immunoperoxidase system. Microscopic evaluation. The numbers of positively stained cells were counted under a light microscope through a calibrated graticule at ϫ1,000 magnification, as described previously (27, 32) . In the same specimen, the positive cells in at least 30 fields either along the epithelium or comprising the lamina propria were counted, and cell densities were expressed as cells/mm or cells/mm 2 , respectively.
HLA-DR and -DP were used to stain epithelial cells for HLA class II expression. Epithelial staining was graded from 2-6 according to their cellular distribution (1-3) and area of staining (1-3) (33) . The proportion of the lamina propria that stained positively for ICAM-1 was estimated and graded from 1-3, 1 representing faint and 3 strong staining. Ki-67-positive cells were calculated as percentages of crypt cells, with at least 200 crypt cells counted in each specimen. Radioactive RNA in situ hybridization. The sections were subjected to in situ hybridization for human IL-4 and IFN-␥ riboprobes obtained from cDNAs described earlier (30) . Tissue sections were incubated with 1.2 ϫ 10 6 cpm of [ 33 P]-labeled (1,000 -3,000 Ci/mmol; Amersham, Life Technologies, Arlington Heights, IL) antisense or sense riboprobe in a total volume of 80 l after the in situ protocol, described previously (34). Microscopic evaluation of RNA in situ hybridization. Positive IL-4 or IFN-␥ mRNA-expressing cells were counted through a calibrated graticule at ϫ400 magnification and expressed as the number of positive cells/area of epithelium or lamina propria. A cell was considered positive when expressing seven or more positive cytoplasmic grains, which always corresponds to more than twice the background level. The lamina propria was assessed from the area immediately below the surface epithelium, excluding areas with lymphatic aggregates. For the specific probes, a minimum of two sections were prepared for each patient. Total RNA isolation and cDNA synthesis. Total RNA was isolated from the mucosal samples with GenElute Mammalian total RNA kit (Sigma, St. Louis, MO) following the manufacturer's instructions. cDNA was synthesized using TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, CA) in reaction volume of 75 l. The reaction mixture consisted of 1ϫ TaqMan RT Buffer, 5.5 mmol/l MgCl 2 , 500 mol/l of each dNTP, 2.5 mol/l Random Hexamer primer, 0.4 IU/l RNase Inhibitor, and 10 ng/l template RNA. The solution was treated with 2 IU of DNAse at 37°C for 30 min followed by 5 min of inactivation at 75°C. After addition of 25 IU of MultiScribe Reverse Transcriptase, the RT reaction was carried out at 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min, and samples were stored at Ϫ20°C until used. Real-time PCR quantification (TaqMan). Real-time quantitative PCR was performed using specific TaqMan PDAR Primer/Probes and the ABI-Prism 7700 Sequence Detection System (Applied Biosystems). TaqMan PDARs IL-2 (PN 4309882P), IL-4 (PN 4309883P), IFN-␥ (PN 4309890P), TNF-␣ (PN 4309891P), CCR-4 (PN 4312819P), and CCR-5 (PN 4316064P) were used. For normalizing differences in sample sizes and amount of RNA degradation, PDAR for ribosomal RNA 18S (PN 4310893E) was applied as an endogenous control. A validation experiment described elsewhere (35) was performed to confirm that the amplification efficiencies of the target genes and the endogenous control were approximately equal.
The reaction mixture consisted of 1ϫ TaqMan Universal PCR Master Mix, 1ϫ TaqMan Primer/Probe, and 50 ng (for target gene) or 5 ng (for endogenous control) of template cDNA. PCR was performed under the following conditions: 50°C for 2 min, 95°C for 10 min; 50 cycles of 95°C for 15 s and 60°C for 1 min. Analysis of a homemade calibrator cDNA sample and controls without template was also performed on each PCR plate. Each measurement was set up in triplicate.
Quantitative analysis was done using the comparative C T (⌬C T ) method, in which C T value is defined as the cycle number in which the detected fluorescence exceeds the threshold value (35) . ⌬C T means the difference between C T of a target gene and the endogenous control, whereas ⌬⌬C T is the difference between ⌬C T of the analyzed sample and the calibrator. Calculation of 2 Ϫ⌬⌬CT then gives a relative amount of target compared with the calibrator, both normalized to an endogenous reference (18S). Statistical analysis. Cell densities quantified by immunohistochemistry or in situ hybridization and the specific amounts of mRNA within the four subject groups were compared by nonparametric tests (Mann-Whitney U test) because of the nonlinear distribution of the parameters. P Ͻ 0.05 was considered significant. Because of the small size of the study groups, values outside the 25-75th percentiles were considered abnormal for the group. Ethical considerations. Specimens from pediatric patients were taken for diagnostic purposes. Use of biopsy specimens in this study was approved by the ethics committee of the Hospital for Children and Adolescents, University of Helsinki. In addition, after an oral explanation of the study plan, a written parental consent with a signature was obtained from the parents of all children.
RESULTS
HLA genotyping. The patients' type 1 diabetes-associated HLA DQB1*0201 and 0302 risk alleles are shown in Table 1 . The heterodimer HLA-DQ2 associated with CD was found in 4 of 8 patients with type 1 diabetes and CD, in 6 of 8 patients with type 1 diabetes and potential CD, and in 3 of 16 patients with type 1 diabetes and normal mucosa. When the patients with type 1 diabetes were divided according to the presence of the HLA-DQ2 heterodimer, the patients carrying HLA-DQ2 showed increased densities of CD3 (median 1,688: 25-75th percen- 
Immunohistochemistry
Intraepithelial compartment. Densities of CD3-, ␥␦-TCR-, and ␣␤-TCR-positive cells were higher in the epithelium of patients with type 1 diabetes and CD or potential CD than in patients with type 1 diabetes and normal mucosa and in control subjects. Patients with type 1 diabetes and CD showed only higher density of CD3-positive IELs when compared with patients with type 1 diabetes and potential CD. Furthermore, intraepithelial IFN-␥-positive cells were significantly increased in patients with type 1 diabetes and CD or potential CD when compared with patients with type 1 diabetes and normal mucosa and with control subjects. As a group, patients with type 1 diabetes and normal intestinal mucosa did not differ from control subjects regarding the density of IELs (Table 3) . Lamina propria. The density of CD3-, ␥␦-TCR-, and ␣␤-TCR-positive cells in the lamina propria was higher in patients with type 1 diabetes and CD than in patients with type 1 diabetes and normal mucosa and in control subjects. These cells were also increased in patients with type 1 diabetes and potential CD compared with control subjects but not compared with patients with type 1 diabetes and normal intestine ( Table 3) .
The densities of IL-1␣-and IL-4 -positive cells in the lamina propria were greater in all three type 1 diabetes study groups than in control subjects. In addition, higher densities of IL-1␣-and IL-4 -positive cells could be seen in
FIG. 1. A: Immunoperoxidase stainings for IL-1␣ (A-D) and IL-4 (E-H) in jejunal biopsy specimens from healthy control subjects (A and E) and from patients with type 1 diabetes and normal jejunal mucosa (B and F), potential CD (C and G), or CD (D and H). Positive cells are seen with typical paranuclear staining in higher densities in the type 1 diabetes specimens; also visible is some residual staining, which is easily identifiable, and except for that associated with goblet cells, clearly noncellular in its association. Carbatzole (AEC)-hematoxylin stain, magnification ؋200. B: Densities of IL-1␣-, IL-2-, and IL-4 -positive cells in the lamina propria detected by immunohistochemistry in jejunal specimens of healthy control subjects (‚), type 1 diabetic patients with normal jejunal mucosa (OE), with potential CD (F), or with CD (f). Horizontal lines show
medians for each study group. *P < 0.05, **P < 0.01, ***P < 0.001. patients with type 1 diabetes and CD than in the two other type 1 diabetes study groups (Fig. 1) . The densities of IL-2 and IFN-␥ cells were greater in patients with type 1 diabetes and CD than in patients with type 1 diabetes and normal mucosa and in control subjects (Figs. 1B and 2 ). TNF-␣-positive cells were found in higher density in patients with type 1 diabetes and CD than in patients with type 1 diabetes and potential CD or normal mucosa (Fig.  2B) . Staining with HLA class II antibodies and anti-ICAM-1. Strong positive staining of epithelial cells with HLA-DR, HLA-DP, and ICAM-1 was present in all patients with type 1 diabetes (medians for the three type 1 diabetes study groups, HLA-DR Ͼ5.5/6, HLA-DP Ͼ5/6, and ICAM-1 3/3). In control subjects, the staining with these antibodies showed faint to moderate positivity (medians, HLA-DR 2/6, HLA-DP 3/6, and ICAM-1 2/3), a significant difference when compared with the three type 1 diabetes study groups (HLA-DR P Ͻ 0.003, HLA-DP P Ͻ 0.02, and ICAM-1 P Ͻ 0.03 for all three comparisons). In addition, patients with type 1 diabetes and CD expressed stronger staining of HLA-DP than did the other two type 1 diabetes study groups (P ϭ 0.006 and P ϭ 0.001; Fig. 3 ). Staining with Ki-67. The percentage of proliferative cells in the crypts was higher in specimens of patients with type 1 diabetes and CD or potential CD than in those from patients with type 1 diabetes and normal mucosa or from control subjects. The percentages of proliferative cells in patients with type 1 diabetes and normal mucosa did not differ from control subjects (Table 3) . Radioactive RNA in situ hybridization Intraepithelial compartment. IL-4 mRNA-positive hybridization signal was located mainly in the lamina propria, with little or no signal in the surface epithelium. IFN-␥ mRNA-expressing cells were found in the intraepithelial compartment throughout the surface and the crypt epithelium. These cells were scarcely found in the normal specimens, the median being only 1 cell/10 areas of surface epithelium. In the type 1 diabetes specimens with CD or potential CD, IFN-␥ mRNA-positive IELs were higher than in normal type 1 diabetes specimens or controls. In addition, the CD specimens showed higher density of IFN-␥ mRNA-positive IELs than the potential CD specimens did (Table 4 , Fig. 4) . patients with type 1 diabetes and normal mucosa and control subjects. In addition, IL-4 mRNA-positive cells were increased in patients with type 1 diabetes and normal mucosa compared with control subjects.
In situ hybridization with the antisense probe for IFN-␥ showed that positively expressed cells were found mainly in the superficial lamina propria and occasionally in the deeper parts. Densities of IFN-␥ mRNA-expressing cells in the lamina propria were greater in all type 1 diabetes groups than in control subjects. However, among patients with type 1 diabetes, IFN-␥ mRNA positive cells were 5.0 and 2.7 times more abundant in patients with type 1 diabetes and CD or potential CD than in those with normal intestine. Furthermore, patients with type 1 diabetes and CD showed increased densities of IFN-␥ mRNA-positive cells compared with the other two type 1 diabetes study groups. The difference between patients with type 1 diabetes and potential CD and patients with type 1 diabetes and normal mucosa did not reach statistical significance (Table 4 , Fig. 4 ). All sections hybridized with the sense probes showed only background signals. RT-PCR. Signals of IL-2, IFN-␥, TNF-␣ (data not shown), CCR-4, and CCR-5 mRNA were detectable by RT-PCR in all jejunal specimens. IL-4 mRNA was not detectable in the controls, whereas it was detected in 3 of 16 of the type 1 diabetes specimens with normal mucosa, in 3 of 8 potential CD, and in 5 of 8 of the patients with type 1 diabetes and CD. The amount of IFN-␥ mRNA was greater in patients with type 1 diabetes and CD or potential CD compared with patients with type 1 diabetes and normal mucosa and with control subjects, correlating with the degree of CD. In addition, CCR-4 was expressed in higher amounts in patients with type 1 diabetes and CD than in patients with type 1 diabetes and normal jejunal mucosa (Fig. 5 ).
DISCUSSION
We found that the small intestine in pediatric patients with type 1 diabetes shows enhanced immune activation. The increased expression of MHC class II antigens and ICAM-1 detected by immunohistochemistry even in patients with structurally normal intestine confirms our earlier findings (27) . The expression of HLA-DR and -DP was expanded throughout the villous surface and crypts in addition to the normal expression seen only on the upper villi. In addition, we found a higher density of IL-1␣-and IL-4 -positive cells in the lamina propria in patients with type 1 diabetes than in control subjects, irrespective of the morphology of the intestine. The findings were not restricted to patients carrying the CD associated HLA-DQB1*0201/HLA-DQA1*0501 risk alleles, suggesting that activation of the gut immune system may be associated with type 1 diabetes and not only with the genetic risk allele shared with CD.
It is interesting that in evaluation by in situ hybridization, IL-4 mRNA expression was higher in type 1 diabetes groups than in control subjects, and IL-4 mRNA was detected by RT-PCR in some biopsy samples from patients with type 1 diabetes but in none of the control subjects. IL-4 is mainly known as the Th2 driving cytokine. IL-4 is spontaneously secreted by gut-derived immune cells, and it enhances epithelial permeability, which is suggested to be increased in type 1 diabetes (36,37) . On the other hand, Increased densities of IFN-␥ mRNA-positive cells in lamina propria were also detected by in situ hybridization in patients with type 1 diabetes and normal mucosa, but this increased IFN-␥ activation was not confirmed by the other methods used. In the gut epithelium, activation of HLA class II antigens and ICAM-1 was found, indicating enhanced capacity of antigen presentation. Furthermore, our results suggest that lymphocyte activation in the small intestine of patients with type 1 diabetes and no CD is found in the lamina propria and includes activation of Th2 immune cells. Studies performed in NOD mice and in patients with type 1 diabetes suggest that the islet-infiltrating, autoreactive cells express gut-associated homing receptor (6 -9,15) . Thus, the lymphocytes may recirculate between the gut and pancreas. The circulating mono- nuclear cells of the gut immune system home to lamina propria, whereas intraepithelial lymphocytes expressing ␣4b⑀ receptor do not normally escape to circulation. Transfer experiments in the NOD mice model suggest that the diabetogenic immune cells are activated in the mesenterial immune system already before the infiltration of pancreatic islets, emphasizing the primary role of the gut immune system in type 1 diabetes (9) . Dietary prevention of autoimmune diabetes in animal models suggests that changes in the gut immune system may induce the autoimmune destruction of ␤-cells in pancreas (4, 5) . Our findings of immune aberrancies in the gut suggest poor development of oral tolerance in children who are prone to type 1 diabetes (12) (13) (14) .
The increased densities of IFN-␥-, TNF-␣-, and IL-2-positive cells and amount of IFN-␥ mRNA detected by in situ hybridization and RT-PCR correlated with either fullblown or potent CD than that of type 1 diabetes, which is in agreement with previous findings (43) (44) (45) (46) . This was also the case for the densities of IELs. T-cells in the celiac mucosa have been reported to represent for the most part Th1 cells producing IFN-␥ (47), and in this respect, patients with type 1 diabetes and CD did not differ from patients with CD. However, in this study, we have also demonstrated an increase in IFN-␥-positive cells in potential CD as previously described (30) . Enhanced Th1 cytokine responses in the gut may cause gut inflammation and damage, and high expression of Th1 cytokines is associated with increased permeability in patients with CD, Crohn's disease, and other chronic gut inflammatory conditions (48) .
The CD-associated HLA-DQ2 heterodimer is found in at least 90% of white patients with CD. Surprisingly, only four of eight of our patients with type 1 diabetes and CD expressed this heterodimer; two of them also expressed DR4. Shanahan et al. (49) found no DR4-positive subjects among 17 cases of type 1 diabetes and CD, whereas in our previous study, one of seven patients with type 1 diabetes and CD was positive for DR4 (19) . This finding may be explained by the enrichment of DR4 among the Finnish type 1 diabetes population. Of the patients with type 1 diabetes and potential CD, six of eight expressed HLA-DQ2 (one patient of which is shared with the CD group). The follow-up time since the intestinal biopsies for the patients with potential CD is now in average 3.1 years (range 1.3-5.5), during which time only the patient who was already included in the type 1 diabetes patient group with CD has developed overt CD.
As a sign of enhanced immune activation, we found increased expressions of HLA-DR, HLA-DP, and ICAM-1 even on structurally normal intestine of patients with type 1 diabetes when compared with control subjects. Interestingly, patients with type 1 diabetes showed increased densities of IL-1␣-and IL-4 -positive cells in the lamina propria, whereas the densities of IL-2, IFN-␥, and TNF-␣ were associated with the degree of CD. The findings were not restricted to CD-associated HLA-DQ2 risk alleles in type 1 diabetes. Our study supports the hypothesis that a link exists between the gut immune system and type 1 diabetes.
